To date, available mathematical bulk models for the determination of linearized rotordynamic coefficients of labyrinth gas seals yield results which are not always in good agreement with the experimental ones. The object of this work is to discuss the limits of these models and to point out possible improvements and aspects that need further investigation.
INTRODUCTION
The knowledge of linearized rotordynamic coefficients of labyrinth gas seals is very important in the design of turbornachinery for determining resonances and investigating the stability of the system. Unfortunately, to date, published experimental results regard tests carried out at low pressures and available mathematical models, based on bulk quantities, yield results which are not always in good agreement with the experimental ones.
The first one-volume bulk model was proposed by Iwatsubo (1980) and developed by Scharrer (1985) . The latter in cooperation with Childs (1986) carried out the most extensive comparison of analytical predictions and experimental results, 68 P. FORTE AND F. LATINI which showed the validity of the model in predicting cross-coupled stiffness and its inadequacy in predicting the other dynamic coefficients. As a matter of fact this coefficient is more important than the others as far as stability is concerned since it affects the destabilizing tangential force. None the less the direct stiffness coefficient may have a non-negligible effect on the global stiffness of the rotor, therefore on its natural frequencies while the damping coefficients affect the stabilizing force.
Afterwards, also on the basis of the experimental observation of the peculiar flow in the cavity and CFD calculations by other authors such as Iwatsubo et al. (1982) ; Rhode and Nail (1992) ; Rhode et al. (1993) ; Scharrer (1988) modified the bulk model in a two-volume one. A quite limited comparison of the performance of the two models is reported in Childs and Scharrer (1988) . Poorer correlations between theoretical and experimental results were found by Pelletti (as reported by Childs, 1993) at reduced clearances, high speeds and high pressures. The object of this work is to discuss the limits of bulk models and to point out possible improvements and aspects that need further investigation.
To do that, a parametric computer program, based on Scharrer's two-volume model, has been developed. One-and two-volume predicted 
TWO-VOLUME BULK MODEL
The experimental and CFD observations of the flow in the labyrinth seal cavity suggest the division of the volume in two parts: one by the rotor, thick as the clearance, filled by the jet, the other being the cavity itself with the recirculation flow. The model is based on the following assumptions:
(1) the gas is considered ideal and the temperature is constant throughout the seal; FIGURE Contour plot of total velocities at inlet and outlet of a TOS seal (obtained with FLUENT"'). (
In Section 5 the differences in the results related to the two different approaches will be shown.
Extending the results of studies on jets in contact with co-flowing and cross-flowing streams yields a relation between the velocities of the two streams.
In steady conditions Scharrer obtained that the ratio between boundary layer thickness and mixing thickness b equals 0.5 
%-(pi/2)n Re(U / l/V22)l/2u2,
where U and W are respectively the circumferential and axial velocities, cor is the rotor speed, and n and m empirically determined coefficients (n 0.0187, m---0.33). Similar expressions can be written for TOR. Radial journal growth with speed can easily be accounted for.
By substitution the above equations can be reduced to three, the fundamental unknown variables being pressure in the cavity and average circumferential velocities in the two volumes.
4.' THE ROTORDYNAMIC COEFFICIENTS
calculating leakage and pressures in the cavities from the last to first one and checking the supply pressure value. If calculated supply pressure is lower than the real one the flow is not critical, therefore the leakage is assigned and up-dated until pressure boundary conditions are satisfied.
Having assumed an elliptical orbit the perturbations of clearance, pressure and circumferential velocities can be expressed in terms of sine and cosine functions of the angular coordinate 0 and of the shaft rotation cot. Substituting in the first-order equations and grouping similar terms of sines and cosines, yield a system of twelve linear equations for each cavity. The lengthy and tedious work of determining these expressions was eased by Mathematica (R). The system of equations has a tridiagonal coefficient matrix and can be solved numerically by a direct method. The authors used the quite efficient algorithm of Thomas.
The bulk model yields a non-linear system of three equations for each seal cavity. As it is well known the seal reaction to the rotor motion about the centered position can be represented by
In order to calculate the direct and cross-coupled stiffness and damping coefficients, a small elliptical orbit of the rotor is assumed. Therefore local clearance is perturbed assuming the eccentricity ratio c as the perturbation parameter,
and consequently pressure and circumferential velocities are perturbed as well. The governing equations of the bulk model are then expanded in the perturbation variables. Experim.
-X-- (10) In the diagrams the so-modified model is indicated as LGS-1. The mean axial velocity considered in the problem is calculated from the leakage formula at the exit of the restriction. Although the dividing streamline makes a small angle with the assumed geometric boundary, taking as the first volume thickness its average thickness in the cavity, instead of its minimum one, yields an increase of thickness of about 10%. In the diagrams the so-modified model is indicated as LGS-2.
Attention was also put on the expression of leakage. Scharrer's expression of the kinetic energy carryover coefficient yields a large error in the estimation of leakage in steady conditions but improves the evaluation of dynamic coefficients. The authors calculated leakage in steady conditions with the more accurate formula using it as the zeroth value in the perturbed equations and Scharrer's expression for defining perturbation terms. In the diagrams the so-modified model is called LGS-3.
Another difference introduced in the model is the perturbation of shear stress in the local clearance but it proved to have negligible influence.
The results of the changes described above are shown in Figs. 11-13 , where the standard model is called LGS-0. Cross-coupled coefficients have not improved.
LGS-1 has negligible influence, LGS-2 reduces the average discrepancy from experiment but makes the trend worse as the inlet velocity ratio changes, LGS-3 improves direct damping.
At this point some observations have to be made regarding the assumptions of the model. In dynamic conditions mean axial velocity in the first volume is derived from leakage and its perturbation while mass flow rate into the second volume should be considered as well. Another observation regards the determination of average axial velocity in the second volume, which is taken as a constant ratio of that of the first volume. Both theoretical and CFD studies proving this relation are carried out in steady conditions, that is not considering rotor oscillating motion. Similarly the mixing length ratio, used in the free shear stress equation, is considered to be constant and independent of cavity geometry. Even in that case the calculations were relative to steady conditions. Now both axial velocities and mixing length are fundamental parameters for calculating the shear stress between the two volumes which has a significant influence on the dynamic coefficients. In fact it is experimentally proved that stiffness and damping coefficients are quite sensitive to the circumferential velocity in the seal. A deeper analysis of this aspect will be object of future work, however the effect of the variation of the mixing length ratio on dynamic coefficients is shown. In Figs. 14 and 15 the coefficients are plotted for three values of the shear coefficient A (0.1, 1, 10 times the original value).
Predicted cross-coupled stiffness improves for the lower value of the parameter while the trend of direct stiffness is poorly reproduced in all cases. Negligible difference is shown between the results corresponding to the higher values of A. It is noteworthy that high values of the parameter imply high interaction between the two volumes, meaning ROTORDYNAMIC COEFFICIENTS OF LABYRINTH GAS SEALS very close values of mean tangential velocities. In that case the two-volume model approaches the one-volume one.
CONCLUSIONS
A computer code based on a known two-volume model for the determination of labyrinth gas seal dynamic coefficients has been developed. 
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